Abstract: Environmental change and decreased ice cover in the Arctic make new areas accessible to humans and animals. It is important to understand how these changes impact marine mammals, such as beluga whales (Delphinapterus leucas Pallas, 1776). Hearing is crucial in the daily lives of cetaceans. Consequently, we need normal baselines to further understand how anthropogenic noise affects these animals. Relatively little is known about the inner ear morphology of belugas, particularly the organ of Corti, or hearing organ, found within the cochlea. The base of the cochlea encodes for high-frequency sounds, while low frequencies are detected in the apex. We showed differences between the apex, or centremost point of the cochlea, and the base, the region closest to the stapes. Our results showed that average outer hair cell density changed from 148 cells/mm in the apex to 117 cells/mm in the base. Cell width varied between the two regions, from 5.8 μm in the apex to 8.4 μm in the base. These results revealed variation throughout the cochlea, and thus the need to understand the basic morphology, to give further insight on hearing function in belugas and allow us to recognize damage if or when we find it.
variation partout dans la cochlée et ainsi la nécessité de comprendre la morphologie de base afin de donner un nouvel aperçu de la fonction de l'ouïe chez les bélugas et nous permettre de reconnaître des dommages si ou quand nous les trouvons. [Traduit par la Rédaction]
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Introduction
Ice cover in the Arctic is decreasing (Lei et al. 2015) and, as a result, additional areas of the ocean, previously difficult to reach, are becoming more accessible to both humans and animals. This opening up of seaways is expected to result in increased shipping traffic, seismic oil exploration, and other anthropogenic activities, which will in turn result in alterations in the Arctic soundscape. Decreased ice cover can also factor into these changes, as the presence of ice can act as a barrier, preventing sounds transmitted in the air from entering the ocean (Roth 2008) . It is important to consider how this is affecting populations of marine life, including marine mammals such as beluga whales (Delphinapterus leucas Pallas, 1776). To understand future impacts, we need to understand the current health status of these animals. With regard to the beluga whale, a species that is completely dependent on its hearing for all aspects of daily life, we need to understand the morphology of their inner ear to recognize hearing damage or acoustic trauma if, or when, we find it.
Within the inner ear is a spiral-shaped structure known as the cochlea (Fig. 1A) . The cochlea is comprised of three fluid-filled ducts, or channels. The centremost of these channels is where the organ of Corti, the hearing organ, is located (Fig. 1B) . The surface of the organ of Corti (Fig. 1C ) reveals an arrangement of cells wherein the inner hair cells (IHCs) are organized in a single row, while the outer hair cells (OHCs) form three parallel rows (Lim 1986 ). The IHCs and OHCs are the sensory cells of the organ of Corti. OHCs play a crucial role in frequency selectivity and increasing sensitivity, while IHCs are the true auditory cells, responsible for the transduction of the mechanical stimulus into an electrical signal (for a review, see Fettiplace and Kim 2014) . The organization of certain structures within the inner ear is well documented in terrestrial mammals, pinnipeds, and some cetaceans (Wever et al. 1971a (Wever et al. , 1971b (Wever et al. , 1972 Lim 1986; Ketten and Wartzok 1990; Gao and Zhou 1992; Roth and Bruns 1992; Wartzok and Ketten 1999; Morell et al. 2015) . Some of the features already described for various odontocetes, or toothed whales, include the length, thickness, and width of the basilar membrane, density of cells in the cochlea, and information about the ganglion cells and nerves. However, with regard to beluga whales, there is an absence of any general description of the morphology of the organ of Corti. Much of the currently ongoing work reflects the importance of understanding beluga hearing -their hearing range and acuity, behavioural effects of anthropogenic sound, and the mechanisms involved in sound production and reception used for echolocation (Wartzok et al. 2003; Castellote et al. 2014) . We are particularly interested in the reception of sound and how the hair cells and their morphometrics relate to their hearing ability. However, it is also important to understand what normal baselines and their basic morphology consist of to further understand other aspects of beluga hearing. This paper describes morphological features of the beluga whale inner ear, specifically the hair cells of the organ of Corti. In addition to this, recommended methods of fixation and decalcification are addressed to further enable the successful analysis of cochlear samples for this and other species of marine mammals.
Materials and methods

Extraction and fixation
Beluga whale ear samples (right and left) were collected from four individuals (n = Ear samples were extracted in the field and fixed within 1.5-5 h post-mortem for each individual (Supplementary Table S1 1 ). The shorter the window of time post-mortem, in which the samples are fixed, the better, to minimize deterioration. Fresh samples such as these can in turn yield more reliable results than samples collected opportunistically and in varying, unknown stages of decomposition. Samples were extracted and subsequently fixed using one of three solutions: 10% neutral buffered formalin (NBF) or 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4) or alternatively 2.5% glutaraldehyde in 0.1 mol/L cacodylate buffer (pH 7.3) according to the protocol by . Once the ear samples were fixed, they were shipped for further laboratory analysis to the University of British Columbia, Vancouver, British Columbia, Canada.
Decalcification
Following fixation of the samples, the periotic bone that surrounds the cochlea was decalcified. Decalcification was only required to the point at which the vestibular scala and the stria vascularis were visible. This was done using one of two treatment options (Supplementary Table S1 1 ). The first solution used was 14% ethylenediaminetetraacetic acid (EDTA) tetrasodium salt (pH 7.4) as described by Morell et al. (2015 Morell et al. ( , 2017 . A second solution that was used on some of the samples was RDO® (Apex Engineering Products, Aurora, Illinois, USA), a rapid decalcifier. Decalcification was achieved by initially placing the sample in 50% RDO® (diluted with distilled water) for 24 h, at which point the sample was moved to 25% RDO® (diluted with distilled water) as described in .
Scanning electron microscopy: dissection and processing
Once the cochlear samples were suitably decalcified, they were dissected with the vestibular scala and the stria vascularis sectioned and both Reissner's membrane and the tectorial membrane removed. Samples were then dehydrated using ethanol, gradually increasing the concentration until reaching 100%. Once dehydrated, the cochlear samples were critical point dried using CO 2 and sputter coated with either gold-palladium or platinum-palladium in preparation for imaging in a Hitachi S-4700 scanning electron microscope (SEM) at the University of British Columbia Bioimaging Facility, Vancouver, British Columbia, Canada.
Image analysis and morphometry SEM micrographs were adjusted for brightness and contrast using Adobe Photoshop® CS3. Measurements of the cochlear structures were made using ImageJ® software.
Since the shape of the entire cochlea is more ovoid than round, there is both a minimum and a maximum diameter (i.e., minimum and maximum distance between the outer margins of the spiral ligament) (Fig. 1A) . The cochlear diameter was calculated by taking the mean of these two measurements for each cochlea.
Cochlear length was measured at the level of the limit between the first row of OHCs and inner pillar cells using an average of 85 flat SEM micrographs per each ear. The length to be measured in each image was delineated prior to measuring to ensure an accurate length with no overlap or gaps.
The average number of hair cells per 100 μm was calculated for each of the apex, middle, and base regions of the cochlear samples. For the purposes of this paper, the apex region was defined as the first 33% of the cochlear length (closest to the inner point of the cochlea). The middle region refers to the next 33%-66% and the base region to the last 34% of the cochlear length. These averages were then used to extrapolate the total number of hair cells (both outer and inner) per cochlea.
Both the area and cell width measurements were calculated using ImageJ® (Fig. 1C) . The distance between the IHCs and third row of OHCs was also measured and compared among all three regions.
Results
Several methods of fixation and decalcification were examined to further enable the successful analysis of cochlear samples for this and other species of marine mammals. During the fixation process, when 10% NBF was used, the end quality of the samples was comparable with those fixed with 2.5% glutaraldehyde (Fig. 2) . In the one beluga in our study, for which one ear was treated with EDTA and the other with RDO®, we found that the cochlea that was decalcified with EDTA was slightly better preserved (Fig. 3) .
Cochlear samples of both ears from four adult beluga whales (n = 8) were analyzed to determine the cochlear diameter, cochlear turns, total cochlear length, and hair cell count as well as to compare any variation in the width of the hair cells between the apex, middle, and base regions of each cochlea. The comparisons measured the density of the OHCs, cell width for both the IHCs and OHCs, and the distance between the IHCs and third row of OHCs.
The average cochlear diameter was determined to be 14.6 mm. The samples in this study all had two cochlear turns. The mean cochlear length (measured along the limit between the first row of OHCs and the inner pillar cells) for these samples was calculated to be 41.3 mm, with a range of 39.5-42.6 mm. In addition to examining the whole cochlea, we compared the hair cells of the apex, or centremost point of the cochlea, with those in the middle section and the base, or outermost area of the cochlea, closest to the stapes. The cells sampled were from these three regions, each of which covered a distance of 33% of the cochlear length. There was some degree of variation in the cells of the three regions (Fig. 4) as well as variation even within the apex region (Figs. 4A and 4B). In the apex, the mean cell width of IHCs was found to be 8.0 μm, while the mean width of the OHCs was 5.8 μm ( Table 1 ). The mean cell widths were similar among the three rows of OHCs, ranging from 5.3 to 6.0 μm (Fig. 5) . In comparison, the IHCs had a mean width of 9.7 μm in the middle region of the cochlea. The mean of the OHCs in this region was 8.6 μm, with the mean ranging from 8.4 to 8.7 μm. Similarly to the middle region, the IHCs of the base region had a mean width of 9.7 μm. While again comparable with the cells in the middle region, but in contrast with the cells in the apex region, the mean width of the OHCs in the base was 8.4 μm, the mean ranging from 8.2 to 8.5 μm. The distance between the IHCs and third row of OHCs showed a decrease of 19 μm moving from the apex to the base (Fig. 6) .
Hair cell density between the apex and base was also examined for all four rows (Fig. 7) . The mean of the measurements for the hair cells in the apex showed a cell density of 148 cells/mm, while in the middle and base regions, the cell density was the same at 117 cells/mm. The total number of hair cells per cochlea, averaged among samples, was calculated as a range of 2384-5494 IHCs and 7151-21 695 OHCs (or approximately 2384-7232 OHCs in each of the three rows). These wide ranges were calculated using the absolute minimum and maximum cell counts per millimetre of cochlear length in all three regions combined. This was due to the fact that the cell density is not equal among regions or throughout the length of the cochlea.
Discussion
The goal of this research was twofold: to determine how to best process cochlear samples to preserve their quality, especially in field conditions, and to examine the morphology of the inner ear of the beluga whale.
High-quality samples are essential to analyze cochlear samples and obtain reliable results about the morphometry and structures present. For sample fixation, since we obtained similar results with all fixative solutions, the use of 10% NBF is recommended, as it is widely available and effective for fixing samples (Fig. 2) . The benefits of 10% NBF for stranding networks worldwide are its easy accessibility, it is already in use for the fixation of all other organs, and it has a lower toxicity than glutaraldehyde. The dehydration process, using 90%-100% ethanol, required for viewing samples in the SEM can result in tissue shrinkage of the sample compared with a sample in a fresh state (Edge et al. 1998 ). The amount of shrinkage that occurs when using formaldehyde has been documented as not being statistically significant (Edge et al. 1998 ). Since we expect the shrinkage of the organ of Corti and potential distortion of the structures due to fixation to be homogeneous throughout the spiral (Yarin et al. 2014) , the shape of its cells would be largely preserved.
We recommend EDTA as our preferred solution for decalcifying samples, recognizing that the process is longer yet yields slightly higher quality results (Fig. 3) . It also preserves the quality of the soft tissue in the cochlea, which is crucial when examining fine structures and cell morphology. Our sample size was too small to say definitively if there was a difference in the beluga ear samples, as only one individual had decalcification done using different solutions on each ear. However, this result was confirmed in previous studies on other species of cetaceans, where there was either no difference or EDTA was slightly better (M. Morell, unpublished data). When the results from analyzing a particular sample are required in a timelier manner, we recommend the use of RDO®, which is a rapid decalcifying agent. If lesions, indicative of noise-induced hearing loss (or hearing impairment due to other etiologies), are present, they can still be detected when either EDTA or RDO® is used. Maintaining sample quality is essential for determining more accurately the importance and the function of both cochlear structures and morphometrics. We examined the basic structural organization to identify normal baselines and to help us understand how anthropogenic activities and the changing environment might impact beluga whales. Understanding the morphology of normal ears in beluga whales is essential for recognizing pathology or damage if or when it is detected. As in other terrestrial and marine mammals, the standard cellular arrangement of a single row of IHCs and three parallel rows of OHCs was present in each cochlea. The mean length of the beluga cochleas that we examined (41 mm) was comparable with the basilar membrane length (42 mm) of beluga cochleas described by Ketten (2000) . The length of the cochlea, but not the width, typically exhibits a positive correlation with body size, although this relationship is not as strong in the beluga as it is in other mammals (Ketten 1992a) .
The number of cochlear turns varies among species of odontocetes and can range from 1.5 up to 2.5 turns (Ketten and Wartzok 1990; Ketten 1992a; Solntseva 2010) . The number of turns found in our samples was two, which corresponds to previous work by Sensor et al. (2015) in which they found 1.75-2 turns in the ears of beluga whales. Ketten and Wartzok (1990) categorized marine species as specialists with two distinct cochlear morphologies, separated into Type I (high frequency) and Type II (low frequency) (reviewed in Ketten 1992a Ketten , 1992b . Under this distinction, beluga whales are classified as Type II odontocetes.
Hair cell density and counts have not been previously discussed for beluga whales. Instead, earlier work describes the density and counts of the spiral ganglion cells or afferent neuron cell body counts (Gao and Zhou 1992; Ketten 2000; Sensor et al. 2015) . In our study, the total number of hair cells (inner and outer combined) was conservatively calculated to be 9535-28 927 based on absolute minimum and maximum counts. The average number of IHCs calculated in our beluga samples was 3939±1555, while the average for the OHCs was 14 423±7272. The range of these measurements is large due to the variability in cochlear length among individuals as well as sensory cell density in the apex, middle, and base (Table 1) . These counts are similar to the hair cell counts for the bottlenose dolphin (Tursiops truncatus Montagu, 1821) by Wever et al. (1971b) in which they found 3451 IHCs and 13 923 OHCs in cochleas of similar length (38.5 mm). In addition to interspecies variation, it is also important to consider intraspecies or interindividual variation. Our range is conservative, since it was calculated based on minimum versus the maximum potential total number of hair cells, both inner and outer. It is difficult to calculate the interindividual variation of hair cell counts for beluga based on our sample size. However, this research provides a first estimate based on differential hair cell density along the cochlear spiral.
While we did not examine spiral ganglion cell counts, they have been calculated for many species of cetaceans and show a wide range across species, from 68 000 to >168 000 (Ketten 1997) . Spiral ganglion cells in cetaceans are much greater in number than in land mammals of comparable cochlear length, which is likely correlated with a greater complexity of information processed by the neurons during echolocation (Ketten and Wartzok 1990) .
The OHC width in the apex, measured by Morell et al. (2015) in other odontocete species, was found to range from 5.04 to 5.6 μm in the striped dolphin (Stenella coeruleoalba Meyen, 1833) and from 5.47 to 6.2 μm in the harbour porpoise (Phocoena phocoena Linnaeus, 1758) and were of the same magnitude as in the beluga. This morphological variation shows that there is indeed some individual variation within a species but also that there are similarities among related species. In our study, we also show a greater width of the organ of Corti at the apex compared with the base of the cochlea. In addition, there was also a measurable decrease in hair cell density towards the base of the cochlea, as a direct result of the increased cell width. There is a tonotopic distribution of the organ of Corti along the cochlear spiral in mammals. The apex of the cochlea is where lower frequencies are encoded, while the base of the cochlea is where high frequencies are encoded. The frequencies that are encoded in a particular region depend on the stiffness of the basilar membrane (Von Békésy 1960; Dong and Olson 2009) . However, other studies from terrestrial mammals show a relationship between the coding frequency and other structures such as the length of the OHC body (Dannhof et al. 1991; Pujol et al. 1992) , cross-sectional area of the organ of Corti cells (Schweitzer et al. 1996) , ultrastructure of supporting cells (Spicer and Schulte 1994) , or morphometrics of the reticular lamina (Yarin et al. 2014 ). The morphometrics measured here for sensory cells and the distance between the IHCs and third row of OHCs in the apex of the beluga (Table 1; Figs. 5 and 6) are consistent with those of guinea pig measured from SEM micrographs (Yarin et al. 2014 ). In the case of the guinea pig, it is well described how several morphometrics of the reticular lamina of the organ of Corti change through the cochlear spiral and how this relates to their frequency map. Our measurements of the apex are of the same magnitude as those found by Yarin et al. (2014) . This can be explained by the fact that the hearing range of guinea pig extends up to 30 kHz (Tsuji and Liberman 1997) , while beluga whales can hear up to 150 kHz (Castellote et al. 2014) . Thus, having information on hair cell morphometrics is necessary for understanding how morphology relates to hearing function specific to each species. Mechanics of the organ of Corti are relatively well described (Chen et al. 2011; Liu et al. 2015; Soons et al. 2015; Lee et al. 2016; Ni et al. 2016) . However, if the morphometrics of the reticular lamina are consistent among species, this may have some biomechanical implications.
Conclusion
The study of the morphology and structural changes in cetacean inner ears, specifically beluga whales, lacks description and is of increasing importance. To our knowledge, this study is the first to describe the morphological variation of the organ of Corti between the apex, middle, and base of the cochlea in the inner ear of the beluga whale. There is a distinct decrease in hair cell density and increase in hair cell width as we move from the apex to the base. This indicates, as in other mammalian species, that there are trends in the morphology and morphometrics associated with various locations in the cochlea.
Gaining knowledge of the basic morphology can provide us with an understanding of normal baselines, which can further aid us in determining potential impacts and effects of human-made noise on marine mammals such as beluga whales.
